














report	 a	 theoretical	 investigation	 of	 the	 structural,	 optical	 and	 catalytic	 properties	 of	 the	 (BiVO4)4	 clusters	 through	 a	
combination	of	density	functional	theory	methods	(ab	initio	molecular	dynamics,	time-dependent	density	functional	theory,	
transition	state	theory).	The	enhanced	solar	water	oxidation	efficiency	of	BiVO4	quantum-sized	clusters	is	linked	with	the	












Z-scheme	 photocatalysts6–11	 for	 the	 hydrogen	 reduction	 and	
water	 oxidation	 reactions	 on	 separate	 p-type	 and	 n-type	
electrodes.	 The	 monoclinic	 polymorph	 displays	 the	 highest	
photocatalytic	 activity.	 However,	 despite	 possessing	 the	
electronic	 band	 alignment	 required	 to	 drive	 solar	 water	
oxidation,	 bulky	 crystalline	 BiVO4	 shows	 only	 modest	
performance	for	solar	water	splitting.6	This	has	been	associated	
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rate-determining	 in	water	 oxidation	 reactions.14	 Strategies	 to	
tune	the	free	energy	of	activation	for	this	elementary	step	can	
help	control	the	solar	water	oxidation	efficiency	of	BiVO4.		
Methods	 based	 on	metal	 doping,15	 co-catalyst	 deposition,16,17	 and	
semi-conductor	 recombination18	 have	 been	 proposed	 to	 enhance	
the	efficiency	of	 crystalline	BiVO4	photocatalysts.	However,	 recent	
work	 has	 highlighted	 the	 potential	 of	 quantum	 sized	 BiVO4	
photocatalysts	for	the	decomposition	of	pure	water	without	any	co-




of	 their	 synthetic	 quantum	 sized	 BiVO4	 using	 X-ray	 photoelectron	
spectroscopy,	 UV-vis	 and	 photoluminescence	 (PL)	 spectroscopy.	
They	suggested	that	the	improved	photocatalytic	activity	arises	from	
the	negative	 shift	 of	 the	 conduction	band	edge.	Nevertheless,	 the	
fundamental	 mechanism	 through	 which	 quantum	 confinement	














by	 decreasing	 the	 activation	 energy	 barriers	 of	 the	 catalytic	
reactions.21	
Since	the	use	of	nanoparticles	photocatalysts	has	been	proven	
to	 be	 a	 strong	 strategy	 to	 dramatically	 improve	 solar-to-fuel	
conversion	 efficiencies,22–26	 understanding	 the	 role	 of	 size	
reduction	is	of	fundamental	importance	in	the	development	of	
efficient	 BiVO4	 quantum-sized	 water-splitting	 photocatalysts.	
Herein,	we	report	a	comprehensive	theoretical	investigation	of	
the	 structural	 and	 optical	 properties	 of	 a	 model	 bismuth	
vanadate	 nanoparticle,	 (BiVO4)4,	 and	 a	 quantification	 of	 the	
initial	steps	(1-3)	 in	the	water-splitting	reaction	by	means	of	a	
combination	 of	 density	 functional	 theory	 (DFT)	 methods	 (ab	
initio	 molecular	 dynamics,	 transition	 state	 searching,	 time-
dependent	DFT).		
Computational	Details			
The	 initial	 configuration	 of	 (BiVO4)4	 was	 generated	 from	 the	
most	 stable	 termination	 of	 the	 (010)	 surface	 of	 crystalline	
bismuth	vanadate.9	The	cluster	was	first	subjected	to	20	ps	of	
ab	 initio	 (Born-Oppenheimer)	 molecular	 dynamics	 (AIMD)	
simulations,	 followed	 by	 geometry	 optimization,	 both	
conducted	at	the	PBE	level	of	theory	using	the	DFT	plane	wave	
VASP	code.27	This	resulted	in	the	reconstruction	of	the	surface	




AIMD	 simulations	 of	 the	 hydrated	 (BiVO4)4	 cluster	 were	
conducted	with	the	electronic	structure	code	CP2K/Quickstep,	
version	 2.7.28,29	 CP2K	 implements	 DFT	 based	 on	 a	 hybrid	
Gaussian	 plane	wave	 approach.	 The	 PBE	 functional	was	 used	
with	 the	 general	 dispersion	 correction	 termed	 DFT-D3.30	
Goedecker-Teter-Hutter	 pseudopotentials	 were	 used	 to	
describe	 the	 core–valence	 interactions.31	 All	 atomic	 species	
were	 represented	using	a	double-zeta	valence	polarised	basis	
set.	The	plane	wave	kinetic	energy	cut	off	was	set	to	1000	Ry.	
The	 k-sampling	 was	 restricted	 to	 the	 Γ	 point	 of	 the	 Brillouin	
zone.	 Simulations	 were	 carried	 out	 in	 the	 canonical	 (NVT)	
ensemble	 at	 the	 average	 temperature	 of	 300	 K	 with	 a	 wave	
function	optimization	tolerance	of	10–6	a.u.		and	a	time	step	of	
1	 fs.	 Periodic	 boundary	 conditions	 were	 applied	 throughout.	
The	 initial	 configuration	 was	 generated	 starting	 from	 a	 well-
equilibrated	 cubic	 supercell	 containing	 125	 water	 molecules	
corresponding	 to	 the	 experimental	 density	 of	 water	 at	 room	
temperature.	Fourteen	water	molecules	were	then	replaced	by	
the	optimised	structure	of	(BiVO4)4	and	AIMD	simulations	were	
conducted	 for	 5	 ps	 with	 constrains	 applied	 to	 the	 initial	
positions	of	 the	 cluster.	 Finally,	 statistics	were	 collected	 for	 a	
period	of	20	ps.	
The	 last	 snapshot	 of	 these	 AIMD	 simulations	 was	 used	 to	
generate	hydrated	molecular	models	(BiVO4)4](H2O)n	(n	=	1-8).	
These	 clusters	were	 optimized	 at	 B3LYP-D3/def-TZVP	 level	 of	






The	 ionization	 potentials	 associated	 with	 step	 (2)	 were	
calculated	 as	 the	 energy	 difference	 between	 the	 cation	 and	
neutral	 clusters.	 The	 transition	 states	 for	 the	 water	
deprotonated	 step	 (3)	 were	 located	 at	 B3LYP-D3/def-TZVP	
level.	Previous	investigations	on	water	splitting	mechanisms	of	
Ti	 and	 Co	 clusters	 have	 used	 the	 same	 level	 of	 theory.33,34	
Harmonic	 vibrational	 frequencies	 were	 computed	 for	 the	
optimised	 TS	 structures	 to	 verify	 the	 presence	 of	 a	 single	
imaginary	frequency.	Intrinsic	reaction	coordinate	calculations	
were	 also	 performed	 to	 confirm	 that	 the	 TS	 structures	 were	
connecting	 reactants	 and	 products.	 Excited	 state	 calculations	







the	 generation	 of	 the	 bismuth–water	 and	 vanadium–water	
radial	 distribution	 functions	 (RDFs),	 g(r),	 which	 represent	 the	
probability,	 relative	 to	 a	 random	 distribution,	 of	 finding	 an	
oxygen	water	(Ow)	at	a	distance	r	from	the	metal	atom.	The	well-
defined	peak	at	2.65	Å	in	the	Bi–Ow	RDF	and	the	broad	feature	
in	 the	 V–Ow	 RDF	 indicate	 that	 water	 molecules	 interact	 only	






Figure	1.	Bi–Ow	 radial	distribution	 function	 (solid	 line),	 g(r),	 and	 running	coordination	







The	 first	 minimum	 of	 the	 Bi–Ow	 RDF	 does	 not	 reach	 zero	





comparison	 of	 the	 average	 Bi–Ow	 distance	 (2.65	 Å)	 with	 the	





Microhydrated	 models	 were	 extracted	 from	 the	 final	
configuration	 of	 the	AIMD	 trajectory	 and	 optimized	with	DFT	
(B3LYP-D3/def-TZVP)	in	the	COSMO	solvation	model	to	simulate	
the	aqueous	environment.	These	clusters	were	used	to	analyse	




(2),	 was	 characterized	 in	 terms	 of	 the	 ionization	 potentials	
(IP89:;< )	of	the	bare	and	hydrated	clusters,	(BiVO4)4–nH2O	(n	=	
1-8)	 (Figure	 2).	 The	 optimized	 structures	 of	 clusters	 are	
displayed	in	the	Supporting	Information.			
The	vertical	 ionization	potential	of	 the	bare	(BiVO4)4	cluster	 is	





The	 interaction	 between	 water	 and	 (BiVO4)4	 decreases	 the	
ionization	potential	 from	8.7	eV	for	the	bare	cluster	to	7.7	eV	
for	 (BiVO4)4–8H2O	 (Figure	 2).	 This	 decrease	 of	 the	 ionization	
potential	 is	 likely	 to	 be	 related	 with	 the	 electrostatic	
interactions	of	(BiVO4)4	with	the	water	molecules.	As	shown	in	
Figure	 2,	 the	 stabilisation	 energy	 of	 the	 clusters	 per	 water	
molecule	 increases	with	 the	number	of	water	molecules.	 The	
ionization	 potential	 for	 the	 (010)	 surface	 of	 BiVO4	 is	 7.3	 eV,	
according	 to	 recent	 photoemission	 experiments41	 and	
simulations.9,42		
	
Figure	2.	 Ionization	potentials	 calculated	 considering	 the	 relaxation	of	 the	 clusters	 in	
their	cationic	forms.	Stabilization	energies/per	water	molecule	for	clusters	of	n=1-8	by	
the	number	of	water	molecules	and	ionization	potentials.		






water	molecules	on	 the	 spin	densities	 is	observed,	 regardless	
the	number	of	water	molecules,	and	can	be	associated	with	the	
localization	of	the	electronic	density	on	the	cluster	surface	(See	
Figure	 4	 for	 [(BiVO4)4–3H2O]
+.	 This	 is	 essential	 to	 explain	 the	
larger	reactivity	of	the	cluster	with	respect	to	the	solid	surface.			
	
Figure	 3.	 Spin	 density	 map	 for	 the	 [(BiVO4)4–8H2O]
+	 cation	 obtained	 at	 CAM-
B3LYP/def-TZVP	level	of	theory.	Positive:	orange,	negative:	magenta.	
Figure	 4	 illustrates	 different	 steps	 in	 the	 mechanism	 for	 the	













initially	 excited	 (see	 spin	 densities	 in	 Figure	 3	 and	 4).	 	 This	
picture	agrees	with	the	features	of	both	the	bulk	material	and	
the	(010)	surface, where	the	main	contribution	to	the	valence	
band	 is	 from	 the	 Oxygen	 2p	 orbitals,	 while	 V	 	 conduction	 is	
dominated	 by	 V	 3d	 orbitals.39	 A	 significant	 degree	 of		










ionisation	 potentials	 of	 the	 clusters:	 [(BiVO4)4-OH]
–	 and	
[(BiVO4)4-OH(H2O)]
–.	 These	 calculations	 show	 that	 hydroxyl	
absorption	 significantly	 changes	 the	 energy	 levels	 of	 the	




Given	 that	 the	excitation	energies	obtained	 for	 these	clusters	
(4.01	and	4.11	eV)	are	similar	to	those	for	the	hydrated	ones,	





the	 molecular	 dynamics	 AIMD	 simulations	 show	 that	
consequently	 for	 neutral	 conditions	 the	 water	 molecules	
adsorbed	 on	 the	 bismuth	 vanadate	 cluster	 do	 not	
spontaneously	 dissociate	 and,	 consequently,	 at	 neutral	












Because	 of	 quantum	 confinement,	 the	 optical	 gaps	 of	 both	





n=2	 4.25),	 which	 is	 wider	 than	 the	 band	 gap	 but	 close	 to	 the	
maximum	of	absorption	of	the	quantum	particles.46	The	optical	gap	
reduces	 to	 3.1	 eV	 (400	 nm)	 after	 relaxation	 in	 S1.	 This	 can	 be	





BiVO4	 system	 considered	 in	 our	 theoretical	 work	 are	 therefore	
representative	of	the	PL	spectra	measured	by	Sun	and	co-workers.46	
Figure	4	summarises	the	steps	for	the	electrochemical	process	
for	 the	 [(BiVO4)4–3H2O]	 cluster.	 Vertical	 ionization	 from	 the	
ground	state	minimum	occurs	at	9.63	eV.	After	relaxation	in	the	
cationic	 state,	 the	 ionization	potential	 reduces	 to	 8.63	 eV	 (as	
shown	 before	 these	 values	 are	 smaller	 when	 more	 water	
molecules	 are	 included,	 we	 are	 only	 interested	 here	 in	 the	




where	 the	energy	 required	 for	 ionisation	 is	 smaller	 (6.05	eV).	
Our	 calculations	 show	a	 significant	 localisation	of	 the	hole	on	
the	 surface	 of	 the	 cluster.	 This	 is	 one	 of	 the	most	 significant	
effects	of	reducing	the	size	from	bulk	to	nanoscale	to	quantum	




Since	 no	 proton	 transfer	 was	 observed	 between	 water	 and	
(BiVO4)4	 during	 the	 AIMD	 simulations	 (Figure	 1),	 the	
deprotonation	 step	 (3)	 should	 be	 an	 activated	 process.	 We	
consider	 the	 transition	 states	 associated	 with	 the	
deprotonation	step	(3)	of	the	clusters	with	one	and	two	water	
molecules:	[(BiVO4)4–H2O]	and	[(BiVO4)4–2H2O]	in	their	neutral	
and	 cationic	 forms.	 One	 question	 to	 answer	 is	 whether	 the	
second	water	molecule	has	a	catalytic	role	or	acts	as	a	reactant	
in	the	water	oxidation	mechanism.		
We	 investigate	 two	possible	 reaction	pathways:	A,	where	 the	
hydrogen	(H)	transfer	occurs	between	the	water	molecule	and	
the	oxygen	atom	bound	 to	 vanadium;	B,	where	 the	proton	 is	
transferred	 to	 the	 bridging	 Bi–O–V	 oxygen	 (Figure	 5).	 As	












the	 energy	 obtained	 for	 [(BiVO4)4–2H2O]
+	 for	 pathway	 A.	 In	
























the	 pathway	 B	 for	 [(BiVO4)4–2H2O]
+	 can	 be	 explained	
considering	 that	 the	 larger	 contribution	 to	 the	 hole	 is	 on	 the	
surface	O,		while	the	bridging	O	has	a	smaller	contribution.		







the	 reaction	 was	 considered.	 These	 reactions	 have	 a	 late	




has	 the	ability	 to	drastically	 reduce	 the	endoergonicity	of	 the	
water	 deprotonation	 reaction	 compared	 with	 the	 bulky	










of	 the	 (BiVO4)4	 nanoparticle	 in	water	 has	 been	 conducted	 by	
means	 of	 computer	 simulations	 based	 on	 density	 functional	
theory.	Ab	 initio	molecular	 dynamics	 simulations	 of	 hydrated	
(BiVO4)4	show	that	water	molecules	adsorb	only	to	the	bismuth	
atoms	with	 the	 (BiVO4)4	 cluster	being	 characterized	by	a	 very	
labile	hydration	structure.		
Time	 dependent	 DFT	 calculations	 of	microhydrated	 (BiVO4)4–
nH2O	(n	=	1-8)	models	extracted	from	the	AIMD	trajectory	were	
used	to	model	the	excitation	(1)	and	ionization	(2)	steps	of	the	
water	 oxidation	 semi-reaction.	 These	 calculations	 show	 that	
ionization	involves	localization	of	the	spin	density	on	the	cluster	
surface,	 particularly	 on	 the	 terminal	 oxygen	 with	 the	 linking	
oxygen	playing	minor	 roles,	 explaining	 the	 larger	 reactivity	of	
the	cluster	with	respect	to	the	solid	surface.		
Finally,	 static	DFT	 localization	of	 the	 reactant,	 transition	 state	
and	 products	 on	 the	 potential	 energy	 surface	 of	 the	 water	
deprotonation	 step	 (3).	 There	 is	 a	 dramatic	 reduction,	
compared	 with	 the	 crystalline	 BiVO4	 phase,	 of	 the	 activation	
energy	 of	 reaction	 associated	 with	 the	 hydrogen	 transfer	
process	between	water	and	(BiVO4)4	cluster.	In	conclusion,	this	
computational	 study	 demonstrates	 the	 root	 of	 the	 improved	
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First	 principle	 calculations	 show	 the	 effect	 of	 the	 reduction	 of	
dimensions	 on	 the	mechanism	 of	 water	 oxidation	 catalysed	 by	
BiVO4.		
	
	
